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The present study investigates the role of substrate temperatures on theastmotrphological,
magnetic and magnetostrictive properties of DC sputtered FeGa thin films growi substrate. The
films were deposited at various substrate temperatures between 50 0. 3H@e structural
characterization of the films revealed columnar growth and the transformation atesanbrphology
from prismatic to spherical at high substrate temperatures. Bend1B2 phases of FeGa egidin the
films, with the L1, phase dominating. The in-plane and out-of-plane vibration sample magnetometry
measurements showed the evolution of magnetic anisotrofiyese films. It was revealed from the
magnetostriction measurements that the films deposited 8€ 25Mibited the maximum value of 59

ppm.
Keywords: FeGa, Magnetostriction, magnetic anisotropy, sputtering, magnetic thin films

. INTRODUCTION

Functional magnetic materials with magnetostrictive properties have been invdsigeteent
years owing to their wide range of applications as in sonar systems [1-2]-eld@ctamechanical
systems in the form of transducers and actuators [3,4], sensors [5]iovidr&nergy harvesting devices
and vibration control systems [6,7] etc. Major advantages of these magnetesimetierials include
noncontact operation, high reliability, simple designs and compatibility vegmiconductor
manufacturing processes thus enabling integration in microelectronic technologies.

Magnetostrictive material research interest resuigebk 1970’s with many groups working on
single and multilayer thin films [8]. The discovery of TerfendD, a rare-earth Fe based alloy attrecte
much attention in this field of research with its high magnetostrictioresati~2000 ppm when in bulk
and of nearly 1000 ppm when in polycrystalline thin film forrh [Bhough it had high magnetostrictive
properties,it’s large magnetocrystalline anisotropy resulting in high saturation fieldgs lits use in
practical applications. Other constraining factors of this materiagharpresence of rare- earths and high

cost. Alternate materials were considered as replacement for Tdbfewblich exhibits sufficient
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magnetostriction. In this pursuance, Febased alloys includingre-Al, Fe-Co and FeGa showing
extraordinary magnetostrictive behaviour were considered [10, 11, 12]. Among theseqllegSare
promising due to several attractive properties including low cost, camrossistane, machinable and
with moderate magnetostriction (~400 ppm) [13] at lower saturation fields.

Several groups have been working on FeGa thin films and more focus is being giveroteimpr
the magnetostriction. Javed et. al., have studied the influence of Ga evaporation rateepsityefor Fe
sputtering and Ar partial pressure on the film growth and obtained effectiveetoatgiction constant
[14] of 80ppm at maximumin-plane anisotropy was induced during sputtering process by an applied
magnetic field and the influence of sputter power was studied by Wang et.alThEy].found that
anisotropy field decreases with increasing sputter power and obtained a magnetostriction ofr6th@pm
films deposited at 60 W. The effects of Boron addition to the FeGaB films wesstiogmted by Lou
et.al., [16] and a structural transformation from polycrystalline to amorphous with enhanced soft magnetic
and microwave properties along with a high magnetostriction constant of 70 p@ncanhtent of 12 at.

% was observed. Basumatary et.al., [17] investigated the effect of substrate @mpmrateGa films

and observed a maximum magnetostriction of 200 p-strains for the film depositedGit Bl et. al.,

[18] showed that Galfenol can be deposited by electrodeposition and measured a magoetosteti

of 140 ppm. However, the influence of substrate temperature on the magnetostrictiencanddmitant
effects on the magnetostriction has to be understood further to ensure the advancestinme real
applications. Therefore, in this study, we investigate the effect of substrate dampeon the
morphological, structural and magnetic properties of FeGa sputtered thin films and Bow th

magnetostriction changes with respect to substrate temperature.
[I. MATERIALSAND METHODS

A. Material synthesis

A two-inch diameter Galfenol (F€5a-) target with a purity of 99.99%(from Able target Inc.
was used to deposit FeGa thin films on Si substrates by DC magnetron sputteringuéciihe
substrates were cleaned and native oxide layer was removed using HF bes$prgttdredeposition. The
sputtering chamber was initially pumped down to a base pressure of*2xb@t. Argon was used as
sputtering gas and the pressure was maintained at Axhbar. The substrate to target distance was
maintained at ~5 cm and the substrate temperature was Bft@r 150C, 25GC or 350C. The
deposition process was carried out at a target power of 80W and the total time d@fatepas 30 min.
After the deposition, chamber was purged with Ar for ~30 min. The obtained filnesamafyzed using

different characterization methods as described in the next section.



B. Material characterization

The thickness of the thin films was about 500 + 30 nm and the films were not sdleeny
post deposition treatment. The as prepared films were analyzed by Glancing InieracBiffraction
(GI-XRD) technique with Cloa radiation to study the crystal and phase structure. A scanning electron
microscope (SEM) with a field-emission electron source (Supra 55 by Cas) #eis used to study the
microstructure of the films. Both the surface morphology (top view) and fractass-section analysis of
the films were performed. Energy Dispersive X-ray Spectroscopy (EDS) was employedyire dna
composition of the filmsln-plane and out-of-plane room temperature magnetic measurements were
carried out using a Vibration Sample Magnetometer (VSM). The topology and roughnesdiloishe
were measured by Atomic force microscope (AFM). Magnetostriction of the sampkeswasured by a
custom built magnetostriction measurement systj [

[1. RESULTS AND DISCUSSIONS

A. Morphological and structural analysis

Figure 1 (a-d) show the cross-sectional image of films grown®’&, 360C, 250C and 356C,
respectively. High magnification top view images are shown in the inset. At fulstrate temperatures
of 50°C, thin columns consisting of smaller grains are observed. When the substrate tempseattwe
150°C, the columnar diameter as well as spherical grain diameter increases.umtfitr fncrease in
substrate temperature to 260 the columnar structure of the films is gradually evolved and separate
columns are observed. This columnar morphology dissolves into planar structure towaudabe. At
the higher substrate temperature of “€50the columnar structure has collapsed and we get random
orientation in growth leading to planar growth. This loss of structamédotropy results in the non-
uniform growth of thin film with varying particle sizes and shapes in the prepared thén fil

Figure S1 (a-d) shows the top view images of the films grown‘&, 3G0C, 250C and 356C
substrate temperatures. It is observed that there is significant change in ogyphith increase in
substrate temperature. At°8) the morphology of the film was prismatic in nature constituting of smaller
particles (~ 8 nm). These smaller particulates cumulated to form the pcistnatitures (~ 50 nm). This
prismatic morphology was homogeneous over the entire film surface. As the suletiperature
increases to 15Q, the regular prism-like shape of the particles is deteriorated. The films stistof
smaller particulates (~ 10 nm) and these particulates clubs together to form #re(big@ nm) partly
prismatic particles. Further change in morphology is observed when the sulesiyadeature was raised
to 250C. The particles, at this condition, no longer retain the prism-like shapkeabeithoecome more or

less spherical in shape. The size of the particle is widely distributed (aveasiicle size ~ 75 nm)
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though the particles still maintain their innate nature of being constituted of smaller pagi¢uld5 nm)
[20]. At 350°C, the particles do not retain any certain shape and is flake - like wittigpaite varying to
give an average of ~ 30 nm.

It is clearly evidenced from the images that the substrate temperature plaid eolei in
modifying the morphology of the grown thin films. The compositional analysis of thefithis was

carried out by EDS and no significant deviation was found in the chemical compositiceebettve

target and the films. The variation in the changes in the elemental atomic percemtagvithin the
instrumental error limit of 4 atomic percent.

Figure t The fracture cross-sectional SEM imaghowing the microstructure of the FeGa thin films grown at (a)
50°C, (b) 156C, (c) 250C and (d) 358C substrate temperature. The insets show the corresponding magnified

plane-view images

The XRD pattern of FeGa thin films deposited at different substrate tempsraig given in
figure 2(ad). It was observed that the peaks are sharp indicating highly crystallifénisinThere is a
coexistence of two phases of FeGa in the sputtered films namelgnd1B2, which was expected from
the compositional range of the thin films. There are previous reports backinglenpltgse existence in
the literature [21, 22]. Similar to our previous report [20], it was observed thahiase dominates in the
thin films. It can be seen that at lower substrate temperaturephse was present. B2 phase seems to
emerge only at higher temperatures, though its presence can be noticed at Ipeeatteas but with
less clarity. The crystalline size was calculated and was seen to increasgOfrom to 35 nm with
increase in temperature. As the temperature increases, the crystallinity of ttidmthéamples also
improves. The peaks present at 20 values of 32.29° and ~54 are the (100) and (111) planes
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corresponding to B2 phase. The other peaks at ~3%813, 57.23, 62.89 also corresponds to FeGa
thin films with ordered f.c.c. Liphase [21]As the temperature rose to 36Qthe crystallinity of the thin
film was reduced. The sizes of the particles present in this filrmaod smaller when compared to the
films grown at lower temperaturdlthough with higher temperature, better crystallinity was expected,
the XRD pattern for the film grown at 3%D states otherwise. This deviance was explained by the
collapsed columnar microstructure at this substrate temperature. The change in grtewtlop#ie thin

film was altered, resulting in poorly crystalline film formation.
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Figure 2(a-d). XRD pattern of FeGa thin films grown at temperatures 8€505CGC, 250C, 350C

Surface topology of the thin films were analyzed using Atomic Force Microscopy. The
topography presents spherical particles (Figure S2 (a-d)) with diffemnas observed from SEM. The
RMS roughness of the thin films (Figure S2 (egsween to increase with respect to temperature. This
was in corroboration with SEM images. There was a huge increase in surfaweessigf the thin film
deposited at 35C. This was expected since we observed columnar structure collapse and widely varying
particle sizes from the SEM images. As there is topological non-uniformityobtagn higher RMS

roughness for the higher temperature grown thin film.



B. Magnetic and magnetostrictive studies

The magnetic properties of the sputtered thin films were analyzed using room tenep€&ivl
in both in-plane and out-of-plane directions (Figure 3a). Figure 3a gives-faniam and out-of-plane
hysteresis loop of FeGa thin films deposited at increasing substrate temgseratcan be observed that
the magnetization of these films increases from 80 emu/cc to 400 emu/cc onimgcthassubstrate
temperature to 25C in in-plane direction (Figurec® Further increase in temperature, however,
decreased the magnetization. Similar trend was observed in out-of-plane M-Hafutiveshin films as
well. Here the lowest magnetization value was 65 emu/cc fo€ S@posited film, while the highest
magnetization was 363 emu/cc for 26@rown thin film.

The increase in substrate temperature also brought changes in the coercivity (es)ofahe
films. An increase in Hc values was observed as the temperature rose fomo 3B0C. The Hc for in-
plane measurements were 44, 30,102 and 203 G %6, 360C, 250C and 350C grown thin films. For
out-of-plane measurements, Hc values were 27, 115, 153 and 240 G as the temperature increased from
50°C to 350C (Figure 3b).Fig. S3 brings out the correlation between the surface roughness and the
coercivity. It is observed that the coercivity increases with theseinfoughness due increase in surface
pinning states. However, the contribution of surface roughness to coercivity wooihdylte a few tens
of nm thickness from the film surface. Hence this increase in coercivityese tthin films are also
attributed by the increase in the number of dislocations and defects that are presenthguhigher
deposition temperatures. This is consistent with the observation from the croseade€8EM images,
where morphological evolution from truly columnar to dissolution of columns to parfinally to
collapsed columnar structure is evident. The dislocations also act as the pinnneg teait can also
increase the coercivityThe Hc, remnant magnetizatiohr) and saturation magnetizatiomMg) values
derived from the M-H hysteresis curves in both in-plane and out-of-plane measuremetdbulated
(Table S1).

The main purpose of analyzing the magnetic properties of the FeGa thin films in in-plane and out-
of-plane modes was to study the anisotropy in these thin films. As can b&meeligure 3a, all the
films show anisotropy with respect to the measurement direction. The maximumagyisedis observed
in the thin film grown at 25C. The thin films have their easy axis of magnetization along the substrate.
The saturation field required is much lower in the substrate plane compared to perpendicular to i
The calculated effective magnetostriction values of these films are represerfigdré 3d. All the
sputtered films are magnetostrictive and their values range from 42 to 59 ppaily|nihe films
deposited at ST gave a striction value of 42 ppm, which increased to 2 ppm at 258C substrate
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temperature. Increase in substrate temperature decreased the magnetostrictidh pprd2which was
lower to that of 58C deposited film. The magnetostriction of the thin film depends on certaorSdike
magnetization, crystallinity and phases present. The magnetostriction of theigstBongly dependent
on the phases present and out of the many phases present in the material, phases Zaciu &82A
contribute to positive magnetostriction and those such asahd DQ contribute to negative
magnetostriction [23]. The higher magnetostriction constant fo’@=bstrate temperature deposited

thin film can be attributed due to presence of higher fraction of B2 phase.
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Figure 3 (a) Room temperature in-plane andadtgtane M-H curves for films deposited at°60 150C, 250C and
350°C (b) relation between coercivity {Hand magnetization (Yl obtained from the different substrate temperature
grown thin films (c) In-plane and out - of - plane coercivity)(Bhd magnetization (§1as a function of substrate
temperature (d) Effective Magnetostrictive constant (Ae) as a function of substrate temperature

Basumatary et. al.,, [17] studied the influence of substrate temperature orirutkeire,
microstructure and magnetic properties of FeGa thin films. They carried out the idepatséd pressure
of 5 mTorr and power of 100W at room temperature, 300 °C, 400 °C, 450 °C, 500 36(af(d. It was
found that these result in polycrystalline thin films with single disordé&ghase. They also observed

increase in magnetostriction with temperature and obtained a maximum value of 20 |at0C,



but further increase in temperature decreased the magnetostriction. This decratisbuted to the
increase surface roughness which introduces considerable defects hampering the devefolamngent
magnetostriction. In present case, the experimental parameters are differentpédtiahipressure of 4E-

2 mbar and sputter power of 80 W with substrate temperatures ranging fren3=D°C. Similar to
Basumatary et. al., a rise in magnetostriction with increase in substrate tengéegureen observed.
But the magnitude of the striction was 60 ppm, which is lower to the value obtairtieenbyThe films
deposited by Basumatary et. al., had a single disordered phase, which is known 48 p@sssum
magnetostriction. Our films had coexistence of two phasesaihd B2, of which one is an ordered phase,
that naturally brings down magnetostriction. Though the value of magnetostrict@nenbis much
lower than Ref. 17, our obtained value is fairly moderate when compared to theepthrés in literature
available for FeGa thin films. This study also reports the interplay and influbat phases have on the
magnetostriction, along with the morphology, on the magnetostriction of these linm Tihe
magnetostriction of the thiilm depends on the magnetization, so higher the magnetization, higher the
magnetostriction. A strong correlation between magnetization and magnetostricgesnisas both
increases with growth temperature, reaches maximum a€2&4td decreases on further increasing the
growth temperature to 3%D. Crystallinity also favors higher magnetostriction whereas decrease in
crystallinity deteriorates magnetostriction. XRD results imply that theedegfr crystallization decreases
for the sample grown at 3%D asthe intensity of the diffraction peaks are relatively less and FWHM of
the peaks are broad. The thin film deposited at the substrate temperatur¥Cois25ghly crystalline and
further increase in substrate temperature turns the film to be of poor anitgtallence, the highest
magnetostriction constant of 5 2 ppm was obtained for thin films deposited at°250 Abbas et.al.
[24] has reported the decrease in magnetostriction constants for amorphous FeGaSiBstHig &

factor of 2.5, when compared to crystalline films.

V. CONCLUSIONS

FeGa thin films were deposited at different substrate temperatures while kabpimg other
growth parameters unaltered.,Ldnd B2 structural phases coexisted in the films with their percentage
varying with substrate temperature. The B2 phase becomes more pronounced atstipgeate
temperature. Morphological evolution from uniform prismatic to non-uniform sphereglamat flakes
of varying sizes at higher substrate temperature was observed. Magnetizalierfilofis increased with
substrate temperature till 2%D but decreased on further increase in temperature. Magnetic anisotropy,
which is vital in obtaining high magnetostriction, was highest if@%fown thin film. Further increase
in temperature decreases anisotropy. It was observed that magnetostrictionmeaisiered also
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corroborated very well with in-plane and out-of-plane anisotropy. The thin film necbad the substrate
temperature of 25C possesses high magnetostriction and is soft magnetic with reasonable coercivity t

render it a potential candidate for sensor and actuator applications.
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Supplementary | nfor mation

Figure S1 Plane-view SEM images showing the topography of FeGa thin films grown aC@b%0
150°C, (c) 250C and (d) 358C substrate temperature.
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Figure S2 (a-d) Surface topology of FeGa films grown &5050C, 250C, 350C e) RMS roughness
extracted from AFM micrographs of FeGa thin films as a function of substrate temperature.
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Table S1. Magnetic properties of FeGa thin films deposited at various substrate temperatures.

Sub. Hc Mr  (in- | Ms (in-| Mr/Ms | Hc (out-| Mr (out- | Ms (out-| Mr/Ms
Temp. | (in- plane) plane) (in- of- of-plane) | of-plane) | (out-of-
(°C) plane) | (emu/cc) | (emu/cc) | plane) | plane) | (emu/cc) | (emu/cc) | plane)
(©)] (©)]
50 44 3.5 80 0.044 | 27 1.59 65 0.024
150 30 14.7 180 0.082 | 115 6.30 166 0.038
250 102 91.61 406 0.226 | 153 15.69 363 0.043
350 203 20.3 110 0.185 | 240 7.86 100 0.079
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Fig. S3 Correlation between surface roughness and the coercivity
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